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phenomenological features
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!’s: the most elusive/least known particle in the SM:
• How many species: 3 "L ’s + NR? 
• Absolute mass scale:

or a new physics scale:
• Mass-ordering? 
• Flavor oscillations & CP violation? 
• Non-standard interactions?
• Mixing with sterile !’s?
• Portal to dark sector? 

m" ~ y" # < 1 eV? 
Mmajorana >> # ?
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In theory, simplest SM extension for " mass:  
n NR’s (sterile) à SM-like Yukawa coupling (Dirac)

<latexit sha1_base64="MZ+Vr0kjbI+U6cBO/xyAz/PjhBc="></latexit>

y⌫ L̄`R · H̃NR ! (m⌫ +
y⌫p
2
H)⌫̄L⌫R

à 6+ Nobel Prizes related to !’s, more than other discoveries,
and more excitement to come!
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SM as a low-energy effective field theory:

Neutrinos are massive

In the context of the Standard Model:

La =

(

νa
la

)

L
, a = 1,2,3

The leading SM gauge invariant operator is at dim-5:∗

1

Λ
(yνLH)(yνLH) + h.c. ⇒

y2
νv2

Λ
νL vc

R.

Implication 1. Dim-5 operator indicates a new physics scale Λ

The See-saw spirit: †

If mν ∼1 eV, then Λ ∼ y2
ν (1014 GeV).

Λ ⇒
{

1014 GeV for yν ∼ 1;
100 GeV for yν ∼ 10−6.

The See-saw implies the “synergy”!

∗S. Weinberg, Phys. Rev. Lett. 1566 (1979).
†Minkowski (1977); Yanagita (1979); Gell-Mann, Ramond, Slansky (1979),
S.L. Glashow (1980); Mohapatra, Senjanovic (1980) ...

Neutrinos are “hot”!

Active field, rich physics

At dim-5, the leading gauge invariant operator is ∗

1

Λ
(yνLH)(yνLH) + h.c. ⇒

y2
νv2

Λ
νL νc

R.

yν Yukawa coupling, v the Higgs vev, Λ an energy scale.

The See-saw spirit: †

If mν ∼1 eV, then Λ ∼ y2
ν (1014 GeV).

Λ ⇒
{

1014 GeV for yν ∼ 1;
100 GeV for yν ∼ 10−6.

See-saw implies the synergy:

among low-energy, high-energy, and cosmology!

∗S. Weinberg, Phys. Rev. Lett. 1566 (1979); Belen Gavela, this conference.
†Yanagita (1979); Gell-Mann, Ramond, Slansky (1979),
S.L. Glashow (1980); Mohapatra, Senjanovic (1980) ...

Implications:
• Theoretical: !à new scale / particles,

implies an underlying (UV) theory!

Neutrinos are massive

In the context of the Standard Model:

La =

(

νa
la

)

L
, a = 1,2,3

The leading SM gauge invariant operator is at dim-5:∗

1

Λ
(yνLH)(yνLH) + h.c. ⇒

y2
νv2

Λ
νL vc

R.

Implication 1. Dim-5 operator indicates a new physics scale Λ

The See-saw spirit: †

If mν ∼1 eV, then Λ ∼ y2
ν (1014 GeV).

Λ ⇒
{

1014 GeV for yν ∼ 1;
100 GeV for yν ∼ 10−6.

The See-saw implies the “synergy”!

∗S. Weinberg, Phys. Rev. Lett. 1566 (1979).
†Minkowski (1977); Yanagita (1979); Gell-Mann, Ramond, Slansky (1979),
S.L. Glashow (1980); Mohapatra, Senjanovic (1980) ...
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The See-Saw Mechanism
• SM neutrino masses can come from RH neutrinos, N

39

Looking Forward
• And there are many more exciting connections between unsolved problems in 

cosmology and particle physics that I seek to uncover

• Non-WIMPy dark matter

• Connections with neutrinos

• Why are we made of matter and not antimatter?

m⌫ SM =
hHi2y2

MN

• N can be light, but we expect it to be (very) weakly coupled!

• For fixed         and mν ~ 0.1 eV, we havehHi MN ⇠ GeV

✓
y2

10�14

◆

L = y L̄HN +
MN

2
N̄

c
N

• With additional symmetries, coupling can be much larger

Minkowski, 1977; Yanagida, 1979; Mohapatra and Senjanovic, 1980; …

Mohapatra and Valle, 1986; Casas and Ibarra, 2001; Shaposhnikov, 2006; …

Neutrinos are “hot”!

Active field, rich physics

At dim-5, the leading gauge invariant operator is ∗

1

Λ
(yνLH)(yνLH) + h.c. ⇒

y2
νv2

Λ
νL νc

R.

yν Yukawa coupling, v the Higgs vev, Λ an energy scale.

The See-saw spirit: †

If mν ∼1 eV, then Λ ∼ y2
ν (1014 GeV).

Λ ⇒
{

1014 GeV for yν ∼ 1;
100 GeV for yν ∼ 10−6.

See-saw implies the synergy:

among low-energy, high-energy, and cosmology!

∗S. Weinberg, Phys. Rev. Lett. 1566 (1979); Belen Gavela, this conference.
†Yanagita (1979); Gell-Mann, Ramond, Slansky (1979),
S.L. Glashow (1980); Mohapatra, Senjanovic (1980) ...

• Observational:
"L=2 à Majorana mass (Majorana neutrinos)

à Opens the door to BSM # physics at low & high energies! 
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∆L = 2 Processes at Low Energies

The fundamental diagram:

f1

f2

W −

W −

f1

f2

li
−

lj
−

’

’

× UiN
p/+mN

p2−m2
N+iε

UjN.

The transition rates are proportional to
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


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for heavy N ;

Γ(N → i) Γ(N → f)

mNΓN
for resonant N production.

∆L = 2 Processes at Low Energies

The fundamental diagram:

f1

f2

W −

W −

f1

f2

li
−

lj
−

’

’

× UiN
p/+mN

p2−m2
N+iε

UjN.

The transition rates are proportional to

|M|2 ∝



















































〈m〉2"1"2
=

∣

∣

∣

∣

∣

3
∑

i=1

U"1iU"2imi

∣

∣

∣

∣

∣

2

for light ν;

∣

∣

∑n
i V"1iV"2i

∣

∣

2

m2
N

for heavy N ;

Γ(N → i) Γ(N → f)

mNΓN
for resonant N production.

the most-wanted process: !L=2

The crossing diagrams 
can probe different 
processes and new 

physics of N/T0, W+
R, H++

Observational Aspects:
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2⌦ 2 = 1(singlet) + 3(triplet)

Group representations based on SM SUL(2) doublets: 

à There are three possibilities:
• Type I:     Fermion singlets ⊗(L H)S
• Type II:   Scalar triplet ⊗(L L)T
• Type III: Fermion triplets ⊗(L H)T

The Weinberg operator non-renormalizable 
à Need Ultra-Violet completion at/above " .

UV-complete theoretical Models:

E. Ma: PRL 81, 1771 (1998).
For recent reviews: Z.Z. Xing: arXiv:1406.7739; 
Y. Cai, TH, T. Li & R. Ruiz: arXiv:1711.02180.
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Type I Seesaw: Singlet NR ’s – Sterile neutrinos

Neutrino masses: Dirac or Majorana

Simplest (renormalizible) extension of the SM:

LaL =

(

νa
la

)

L
, a = 1,2,3; NbR, b = 1,2,3, ...n ≥ 2.

Gauge-invariant Yukawa interactions:

−LY =
3
∑

a=1

n
∑

b=1

fν
ab LaL ĤNbR + h.c.

⇒
3
∑

a=1

n
∑

b=1

νaL mν
ab NbR + h.c.

lead to three generations of Dirac neutrinos.

Dirac plus Majorana mass terms:

Type I Seesaw (with NR): ∗

With the fermionic singlets NR, one can have

n≥2
∑

b,b′=1

Nc
bL Mbb′ Nb′R + h.c.

then the full neutrino mass terms read

(

νL Nc
L

)

(

03×3 Dν
3×n

DνT
n×3 Mn×n

)(

νc
R

NR

)

Majorana neutrinos:

νaL =
3
∑

m=1

UamνmL +
3+n
∑

m′=4

Vam′Nc
m′L,

Nc
aL =

3
∑

m=1

XamνmL +
3+n
∑

m′=4

Yam′Nc
m′L,

mν ≈
D2

M
, mN ≈ M, UU† ≈ I (PMNS), V V † ≈

mν

mN
.

∗Minkowski (1977); Yanagita (1979); Gell-Mann, Ramond, Slansky (1979),
S.L. Glashow (1980); Mohapatra, Senjanovic (1980) ...

Type I Seesaw (with NR): ∗

With the fermionic singlets NR, one can have

n≥2
∑

b,b′=1

Nc
bL Mbb′ Nb′R + h.c.

then the full neutrino mass terms read

(

νL Nc
L

)

(

03×3 Dν
3×n

DνT
n×3 Mn×n

)(

νc
R

NR

)

Majorana neutrinos:

νaL =
3
∑

m=1

UamνmL +
3+n
∑

m′=4

Vam′Nc
m′L,

Nc
aL =

3
∑

m=1

XamνmL +
3+n
∑

m′=4

Yam′Nc
m′L,

mν ≈
D2

M
, mN ≈ M, UU† ≈ I (PMNS), V V † ≈

mν

mN
.

∗Minkowski (1977); Yanagita (1979); Gell-Mann, Ramond, Slansky (1979),
S.L. Glashow (1980); Mohapatra, Senjanovic (1980) ...

If D ∼ yνv, mν ∼1 eV, then mN ∼ y2
ν (1014 GeV)

⇒
{

1014 GeV for yν ∼ 1;
100 GeV for yν ∼ 10−6.

U2
"m ∼ V 2

PMNS ≈ O(1); V 2
"m ≈ mν/mN .

Still, it’s possible for much lower Seesaw scales†, and sizable mixing‡.

All U"m, ∆mν are from oscillation experiments.

But, we consider V"m, mN free parameters

— hopefully, experimentally accessible.

The charged currents:

−LCC =
g√
2

W+
µ

τ
∑

"=e

3
∑

m=1

U∗
"m νmγµPL" + h.c.

+
g√
2

W+
µ

τ
∑

"=e

3+n
∑

m′=4

V ∗
"m′ Nc

m′γµPL" + h.c.

†Andrè de Gouvea (2005); Andrè de Gouvea, Jenkins, Vasudevan (2006); ...
‡M.C. Gonzalez-Garcia, J.W.F. Valle (1989); Z.Z.Xing et al (2008)...



7

Type I Seesaw features:
! Existence of NR (possibly low mass*)

If D ∼ yνv, mν ∼1 eV, then mN ∼ y2
ν (1014 GeV)

⇒
{

1014 GeV for yν ∼ 1;
100 GeV for yν ∼ 10−6.

U2
"m ∼ V 2

PMNS ≈ O(1); V 2
"m ≈ mν/mN .

Still, it’s possible for much lower Seesaw scales†, and sizable mixing‡.

All U"m, ∆mν are from oscillation experiments.

But, we consider V"m, mN free parameters

— hopefully, experimentally accessible.

†Andrè de Gouvea (2005); Andrè de Gouvea, Jenkins, Vasudevan (2006); ...
‡M.C. Gonzalez-Garcia, J.W.F. Valle (1989); Z.Z.Xing et al (2008)...

U`m, �m⌫ are from oscillation experiments
mN a free parameter: could be accessible!

V 2
`m ⇡ (m⌫/eV )/(mN/GeV )⇥ 10�9

< 6⇥ 10�3(low energy bound)

" But difficult to see NR:
The mixing is typically small, mass wide open: 

(Fine-tune or hybrid could make it sizeable.)
* Casas and Ibarra (2001); 
A. Y. Smirnov and R. Zukanovich Funchal (2006);
A. de Gouvea, J. Jenkins and N. Vasudevan (2007);
W. Chao, Z. G. Si, Z. Z. Xing and S. Zhou (2008).
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Type II Seesaw: No need for NR, with Φ-triplet*Type II Seesaw (no NR): ∗

With a scalar triplet Φ (Y = 2) : φ±±, φ±, φ0 (many representative models).

Add a gauge invariant/renormalizable term:

YijL
T
i C(iσ2)ΦLj + h.c.

That leads to the Majorana mass:

Mijν
T
i Cνj + h.c.

where
Mij = Yij〈Φ〉 = Yijv

′ <∼ 1 eV,

∗Magg, Wetterich (1980); Lazarides, Shafi (1981); Mohapatra, Senjanovic (1981). ...

Type II Seesaw (no NR): ∗

With a scalar triplet Φ (Y = 2) : φ±±, φ±, φ0 (many representative models).

Add a gauge invariant/renormalizable term:

YijL
T
i C(iσ2)ΦLj + h.c.

That leads to the Majorana mass:

Mijν
T
i Cνj + h.c.

where
Mij = Yij〈Φ〉 = Yijv

′ <∼ 1 eV,

Very same gauge invariant/renormalizable term:

µHT(iσ2)Φ
†H + h.c.

predicts v′ = µ
v2

M2
φ

,

leading to the Type II Seesaw. †

∗Magg, Wetterich (1980); Lazarides, Shafi (1981); Mohapatra, Senjanovic (1981). ...
†In Little Higgs model: T.Han, H.Logan, B.Mukhopadhyaya, R.Srikanth (2005).

Type II Seesaw (no NR): ∗

With a scalar triplet Φ (Y = 2) : φ±±, φ±, φ0 (many representative models).

Add a gauge invariant/renormalizable term:

YijL
T
i C(iσ2)ΦLj + h.c.

That leads to the Majorana mass:

Mijν
T
i Cνj + h.c.

where
Mij = Yij〈Φ〉 = Yijv

′ <∼ 1 eV,

Very same gauge invariant/renormalizable term:

µHT(iσ2)Φ
†H + h.c.

predicts v′ = µ
v2

M2
φ

,

leading to the Type II Seesaw. †

∗Magg, Wetterich (1980); Lazarides, Shafi (1981); Mohapatra, Senjanovic (1981). ...
†In Little Higgs model: T.Han, H.Logan, B.Mukhopadhyaya, R.Srikanth (2005).

Type II Seesaw (no NR): ∗

With a scalar triplet Φ (Y = 2) : φ±±, φ±, φ0 (many representative models).

Add a gauge invariant/renormalizable term:

YijL
T
i C(iσ2)ΦLj + h.c.

That leads to the Majorana mass:

Mijν
T
i Cνj + h.c.

where
Mij = Yij〈Φ〉 = Yijv

′ <∼ 1 eV,

Very same gauge invariant/renormalizable term:

µHT(iσ2)Φ
†H + h.c.

predicts v′ = µ
v2

M2
φ

,

leading to the Type II Seesaw. †

∗Magg, Wetterich (1980); Lazarides, Shafi (1981); Mohapatra, Senjanovic (1981). ...
†In Little Higgs model: T.Han, H.Logan, B.Mukhopadhyaya, R.Srikanth (2005).
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Type II Seesaw features*

Variations

• Triplet vev à Majorana mass à neutrino mixing pattern!
à neutrino mixing pattern! 

Competing channel       
H
±± ! `

±
i `
±
i

Sensitivity to H++H−− → !+!+, !−!− Mode: †

Nearly background-free.

0

0.1

0.2

0.3

0.4

0.5

200 400 600 800 1000
MH++ (GeV)

BR
(H

++
→

 l+  l+ )

With 300 fb−1 integrated luminosity,

a coverage upto MH++ ∼ 1 TeV even with BR ∼ 40 − 50%.

Possible measurements on BR′s.

†Pavel Fileviez Perez, Tao Han, Gui-Yu Huang, Tong Li, Kai Wang,
arXiv:0803.3450 [hep-ph]

Naturally embedded in L-R symmetric model:#
W±

R à NR e±

Type II Seesaw (no NR): ∗

With a scalar triplet Φ (Y = 2) : φ±±, φ±, φ0 (many representative models).

Add a gauge invariant/renormalizable term:

YijL
T
i C(iσ2)ΦLj + h.c.

That leads to the Majorana mass:

Mijν
T
i Cνj + h.c.

where
Mij = Yij〈Φ〉 = Yijv

′ <∼ 1 eV,

Very same gauge invariant/renormalizable term:

µHT(iσ2)Φ
†H + h.c.

predicts v′ = µ
v2

M2
φ

,

leading to the Type II Seesaw. †

∗Magg, Wetterich (1980); Lazarides, Shafi (1981); Mohapatra, Senjanovic (1981). ...
†In Little Higgs model: T.Han, H.Logan, B.Mukhopadhyaya, R.Srikanth (2005).

#

H
±± !W

±
W
±

.

(* Large Type I signals via WR-NR )
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Type III Seesaw: with a fermionic triplet*

Type III Seesaw (no NR, but some other leptons): ∗

With a lepton triplet T (Y = 0) : T+ T0 T−, add the terms:

−MT(T+T− + T0T0/2) + yi
THT iσ2TLi + h.c.

∗Foot, Lew, He, Joshi (1989); G. Senjanovic et al. ...

Type III Seesaw (no NR, but some other leptons): ∗

With a lepton triplet T (Y = 0) : T+ T0 T−, add the terms:

−MT(T+T− + T0T0/2) + yi
THT iσ2TLi + h.c.

These lead to the Majorana mass:

Mij ≈ yiyj
v2

2MT
.

Demand that MT <∼ 1 TeV, Mij <∼ 1 eV,

Thus the Yukawa couplings:†

yj <∼ 10−6,

making the mixing T±,0 − "± very weak.

Main features:

T0 a Majorana neutrino;

Decay via mixing (Yukawa couplings);

TT Pair production via EW gauge interactions.
∗Foot, Lew, He, Joshi (1989); G. Senjanovic et al. ...
†Bajc, Nemevsek, Senjanovic (2007)

Again, the seesaw spirit: mν ~ v2/MT . 
Features:

Type III Seesaw (no NR, but some other leptons): ∗

With a lepton triplet T (Y = 0) : T+ T0 T−, add the terms:

−MT(T+T− + T0T0/2) + yi
THT iσ2TLi + h.c.

These lead to the Majorana mass:

Mij ≈ yiyj
v2

2MT
.

Demand that MT <∼ 1 TeV, Mij <∼ 1 eV,

Thus the Yukawa couplings:†

yj <∼ 10−6,

making the mixing T±,0 − "± very weak.

Main features:

T0 a Majorana neutrino;

Decay via mixing (Yukawa couplings);

TT Pair production via EW gauge interactions.
∗Foot, Lew, He, Joshi (1989); G. Senjanovic et al. ...
†Bajc, Nemevsek, Senjanovic (2007)

Type III Seesaw (no NR, but some other leptons): ∗

With a lepton triplet T (Y = 0) : T+ T0 T−, add the terms:

−MT(T+T− + T0T0/2) + yi
THT iσ2TLi + h.c.

These lead to the Majorana mass:

Mij ≈ yiyj
v2

2MT
.

Demand that MT <∼ 1 TeV, Mij <∼ 1 eV,

Thus the Yukawa couplings:†

yj <∼ 10−6,

making the mixing T±,0 − "± very weak.

Main features:

T0 a Majorana neutrino;

Decay via mixing (Yukawa couplings);

TT Pair production via EW gauge interactions.
∗Foot, Lew, He, Joshi (1989); G. Senjanovic et al. ...
†Bajc, Nemevsek, Senjanovic (2007)
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Many models to account for the neutrino mass.*
Another class of well-motivated models:
Radiative (loop) generation of neutrino masses.

Other Models & Phenomenology
Thus far, we considered tree-level Type I, II, III seesaw models

• Zee (1986)-Babu (1988) Model: 
add singlet scalar fields mν generate at 2-loop
à change Higgs physics

• Ma Models (2006): 
add singlet scalars + Z2 symmetry 
à Dark matter

• … …
Typically, they introduce additional Higgs states and 

thus new (model-dependent) experimental signatures.
* For a review, see, M.C. Chen & J.R. Huang, arXiv:1105.3188v2.
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Non-Standard ! Interactions (NSIs)
First introduced by Wolfenstein in 1978:

Or more general interactions:

They will impact both oscillation observables 
as well as collider signals

BSM " Whitepaper: arXiv:2203.06131
arXiv:1907.00991
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(2). LHC searches for Majorana Neutrinos

At hadron colliders: § pp(p̄) → !±!±jjX
qi

q̄j

W∓

l∓

N

l∓

W±

σ(pp → µ±µ±W∓) ≈ σ(pp → µ±N)Br(N → µ±W∓) ≡
V 2

µN
∑

l

∣

∣

∣V !N
∣

∣

∣

2 V 2
µN σ0.

Factorize out the mixing couplings: †

σ(pp → µ±µ±W∓) ≡ Sµµ σ0,

Sµµ =
V 4

µN
∑

l |V!N |2
≈

V 2
µN

1 + V 2
τN/V 2

µN

.

§Keung, Senjanovic (1983); Dicus et al. (1991); A. Datta, M. Guchait, A. Pilaftsis
(1993); ATLAS TDR (1999); F. Almeida et al. (2000); F. del Aguila et al. (2007).

†T. Han and B. Zhang, hep-ph/0604064, PRL (2006).

(2). LHC searches for Majorana Neutrinos

At hadron colliders: § pp(p̄) → !±!±jjX
qi

q̄j

W∓

l∓

N

l∓

W±

σ(pp → µ±µ±W∓) ≈ σ(pp → µ±N)Br(N → µ±W∓) ≡
V 2

µN
∑

l

∣

∣

∣V !N
∣

∣

∣

2 V 2
µN σ0.

Factorize out the mixing couplings: †

σ(pp → µ±µ±W∓) ≡ Sµµ σ0,

Sµµ =
V 4

µN
∑

l |V!N |2
≈

V 2
µN

1 + V 2
τN/V 2

µN

.

§Keung, Senjanovic (1983); Dicus et al. (1991); A. Datta, M. Guchait, A. Pilaftsis
(1993); ATLAS TDR (1999); F. Almeida et al. (2000); F. del Aguila et al. (2007).

†T. Han and B. Zhang, hep-ph/0604064, PRL (2006).

Collider searches for Majorana neutrinos

At hadron colliders: ‡ pp(p̄) → !±!±jjX
qi

q̄j

W∓

l∓

N

l∓

W±

σ(pp → µ±µ±W∓) ≈ σ(pp → µ±N)Br(N → µ±W∓) ≡
V 2

µN
∑

l

∣

∣

∣V !N
∣

∣

∣

2 V 2
µN σ0.

Factorize out the mixing couplings: †

σ(pp → µ±µ±W∓) ≡ Sµµ σ0,

Sµµ =
V 4

µN
∑

l |V!N |2
≈

V 2
µN

1 + V 2
τN/V 2

µN

.

This is verified for σ0(mN < 3 TeV) ⇒ narrow-width approximation valid.

‡Keung, Senjanovic (1983); Dicus et al. (1991); A. Datta, M. Guchait, A. Pilaftsis
(1993); ATLAS TDR (1999); F. Almeida et al. (2000); F. del Aguila et al. (2007).

†T. Han and B. Zhang, hep-ph/0604064, PRL (2006).

Consider pp̄ (pp) → µ±µ±W∓ → µ±µ±jj.

A very clean channel:

• like-sign di-muons plus two jets;

• no missing energies;

• m(jj) = MW, m(jjµ) = mN .

1. NR at Colliders 

(WR)
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Heavy N Whitepaper:  arXiv:2203.08039

Active search
@ LHC
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ILC Whitepaper: arXiv:2203.06722

Complementarity @ different colliders
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Complementarity @ high & low masses
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2.  NR & WR @ Hadron Colliders
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Figure 2: The tree-level diagrams for the production of a heavy Majorana neutrino (N) in the LRSM model, in
which heavy gauge bosons WR and Z0 are also incorporated. Lepton flavour is denoted by ↵ and �. Lepton flavour
is assumed to be conserved, such that ↵ = �. The WR boson produced from the N decay is o↵-shell and, in this
case, decays hadronically.

mWR � mN > 0.3 TeV at 95% confidence level (CL) [17]. A more recent search performed by CMS has
excluded mWR < 3.0 TeVfor mWR � mN > 0.05 TeV at 95% CL [18]. There are no such limits for the
production of heavy neutrinos from Z0 boson decays.

Both the mTISM and LRSM models produce final states containing two same-sign leptons and high-pT
jets, but the kinematic characteristics of the events are quite di↵erent. In the mTISM final state, one can
reconstruct the resonant SM W boson from the jets originating from the tree-level qq̄ pair, whereas in
the LRSM final states, one can instead reconstruct the masses of the heavy gauge bosons. Furthermore,
the energy scales of the two models are largely separate. The energy scale of mTISM final states is set
by the heavy neutrino mass, which, based on the LEP constraints [10, 11], is assumed to be greater than
100 GeV. Instead, the energy scale of LRSM final states is set by the masses of the heavy bosons, which,
motivated by the earlier heavy neutrino searches, are assumed to be greater than 400 GeV. For these
reasons, the event selection criteria are optimised separately for each model, although a common object
selection is used in both cases.

2 The ATLAS detector

The ATLAS detector [19] surrounds the interaction point and covers nearly the entire solid angle. The
detector consists of an inner detector (ID) tracking system, electromagnetic and hadronic calorimeters,
and a muon spectrometer (MS) that surrounds the other detector systems. The ID tracking system consists
of a silicon pixel detector, a silicon microstrip tracker, both covering |⌘| < 2.5, and a transition radiation
tracker covering |⌘| < 2.0. The ID tracker is immersed in a 2 T axial magnetic field provided by a
superconducting solenoid magnet. The electromagnetic accordion calorimeter is composed of lead and
liquid-argon (LAr) and provides coverage for |⌘| < 3.2. Hadronic calorimetry is provided by steel and
scintillator tile calorimeters for |⌘| < 1.7 and copper and LAr calorimeters for 1.5 < |⌘| < 3.2. Additional
LAr calorimeters with copper and tungsten absorbers cover the forward region. The MS consists of
dedicated trigger chambers covering |⌘| < 2.4 and precision tracking detectors covering |⌘| < 2.7. A
system of three superconducting toroids (one in the barrel, two in the end-caps), with eight coils each,

4

In Left-Right symmetric model:
• No mixing suppression
• New unknown mass scale MR

W. Keung & G. Senjanovic, PRL 50 (1983) 1427
Heavy N  Whitepaper:  arXiv:2203.08039
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3.  Type II Seesaw: H±± & H±φ±± in Type II Seesaw at the LHC

H++H−− production at hadron colliders: †

10
-2
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1
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10 2

200 400 600 800 1000
M∆ (GeV)

σ(
fb

)

γγ → H++H−− 10% of the DY.
†Revisit, T.Han, B.Mukhopadhyaya, Z.Si, K.Wang, arXiv:0706.0441.

Pure electroweak gauge interactions

Akeroyd, Aoki, Sugiyama, 2005, 2007.

Z.L. Han, R. Ding, Y. Liao, arXiv:1502.05242; 1506.08996;
J. Gehrlein, D. Goncalves, P. Machado, Y. Perez-Gonzalez: arXiv:1804.09184.
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Type II:  H±± & H±

BSM Whitepaper:  arXiv:2203.08039
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Neutrino – charged lepton correlations

Summarize the discovery modes:
Spectrum Relations
Normal Hierarchy BR(H++ → τ+τ+), BR(H++ → µ+µ+) " BR(H++ → e+e+)
(∆m2

31 > 0) BR(H++ → µ+τ+) " BR(H++ → e+µ+), BR(H++ → e+τ+)
BR(H+ → τ+ν̄), BR(H+ → µ+ν̄) " BR(H+ → e+ν̄)

Inverted Hierarchy BR(H++ → e+e+) > BR(H++ → µ+µ+), BR(H++ → τ+τ+)
(∆m2

31 < 0) BR(H++ → µ+τ+) " BR(H++ → e+τ+), BR(H++ → e+µ+)
BR(H+ → e+ν̄) > BR(H+ → µ+ν̄), BR(H+ → τ+ν̄)

Quasi-Degenerate BR(H++ → e+e+) ∼ BR(H++ → µ+µ+) ∼ BR(H++ → τ+τ+) ≈ 1/3
(m1, m2, m3 > |∆m31|) BR(H+ → e+ν̄) ∼BR(H+ → µ+ν̄) ∼BR(H+ → τ+ν̄) ≈ 1/3

Without / With the recent measurements for θ13:
†

†TH, Gui-Yu Huang, Tong Li, to appear.

Sensitivity to H++H−− → !+!+, !−!− Mode: †

Nearly background-free.

0
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(H

++
→

 l+  l+ )

With 300 fb−1 integrated luminosity,

a coverage upto MH++ ∼ 1 TeV even with BR ∼ 40 − 50%.

Possible measurements on BR′s.

†Pavel Fileviez Perez, Tao Han, Gui-Yu Huang, Tong Li, Kai Wang,
arXiv:0803.3450 [hep-ph]
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4.  Type III Seesaw:  T± & T0T0, T± in Type III Seesaw at the LHC

Consider their decay length:

Γ(T+ → W+ν) ≈ 2Γ(T+ → Z"+) ≈ 2Γ(T+ → h"+)

≈ Γ(T0 → W+"− + W−"+) ≈
MT

16π

∑

i

|yi|2.

With λ2 = y2
j ∼ 10−16 − 10−12, then cτ ∼ 10−2 − 10−4 m

Still not too long-lived, but possibly large displaced vertices.

T0, T± in Type III Seesaw at the LHC

Consider their decay length:

Γ(T+ → W+ν) ≈ 2Γ(T+ → Z"+) ≈ 2Γ(T+ → h"+)

≈ Γ(T0 → W+"− + W−"+) ≈
MT

16π

∑

i

|yi|2.

With λ2 = y2
j ∼ 10−16 − 10−12, then cτ ∼ 10−2 − 10−4 m

Still not too long-lived, but possibly large displaced vertices.

T0, T± in Type III Seesaw at the LHC

Consider their decay length:

Γ(T+ → W+ν) ≈ 2Γ(T+ → Z"+) ≈ 2Γ(T+ → h"+)

≈ Γ(T0 → W+"− + W−"+) ≈
MT

16π

∑

i

|yi|2.

With λ2 = y2
j ∼ 10−16 − 10−12, then cτ ∼ 10−2 − 10−4 m

Still not too long-lived, but possibly large displaced vertices.FIG. 7: Branching fractions of T 0/T± as a function of its mass. A sum over lepton final states has

been assumed.

Sizable Majorana phases may dilute the flavor correlations. The dependence of the flavor

branchings on Majorana phases is shown in Fig. 10 for Im(z) ≥ 2. The largest variations

occur near Φ ≈ ±π/2. It is important to note that (for Im(z)≥ 2):

• For NH, BR(V µ) is down (up) and BR(V τ) is up (down) by an approximate factor of

two for Φ ≈ π/2 (−π/2) with respect to Φ = 0, while BR(V e) is independent of the

phase;

• For IH, BR(V µ) ≈) BR(V τ) in the whole Φ range and are highly suppressed at

Φ ≈ π/2, where BR(V e) is up by a factor of two with respect to Φ = 0.

We remind the reader again that one neutrino is massless in this set-up, a direct conse-

quence of the underlying SU(5) symmetry.

For smaller Im(z), the branching fraction dependence on Φ gets smeared up, as shown

in Fig. 11 for Im(z) = 1. Instead, they have a clearer dependence on the real part of z,

Re(z), another phase with periodic behavior, as seen in Figs. 12 and 13 for Im(z) = 0.5 and

0, respectively. The reader should keep in mind that for large enough values of Im(z) the

15

Tong Li & X.G. He, hep-ph/0907.4193.
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Production rates at the Tevatron/LHC: †

• Single production T±!∓, T0!± :

Kinematically favored, but highly suppressed by mixing.

• Pair production with gauge couplings.

Example: T± + T0 → !+Z(h) + !+W− → !+jj(b̄b) + !+jj.

Low backgrounds.

• LHC studies with Minimal Flavor Violation implemented. ‡

†Similar earlier work: Franceschini, Hambye, Strumia, arXiv:0805.1613.
‡O. Eboli, J. Gonzalez-Fraile, M.C. Gonzalez-Garcia, arXiv:1108.0661 [hep-ph].

Type III Seesaw:  T± & T0



23

BSM Whitepaper:  arXiv:2203.08039
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BSM ! Whitepaper:  
arXiv:2203.06131;  
arXiv:1907.00991;
arXiv:2004.13869.

5. NSI: oscillation 
vs. collider
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TH, Liao, Liu, Marfatia: arXiv:1910.03272;
BSM ! Whitepaper:  arXiv:2203.06131

A UV complete Z’ model:
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Summary
• Seesaw mechanism well motivated: m! ~ v2/M
• Collider experiments complement the oscillations 

experiments to explore ! physics.

• Collider experiments reach higher mass threshold
and thus probe the dynamical origin.

o Type I-like: NR ~ 1 TeV, U! ~ 10-6 

o Type II: H++ ~ 1 TeV
o Type III: T+, T0 ~ 1 TeV
o Radiative mass models: scalar mass a few 100 GeV. 
o Test non-standard interactions (NSIs).

Collider experiments may discover the neutrino 
mass generation mechanism (with luck)!


